Ultrasound-modulated optical tomography of thick biological tissues was studied based on specklecontrast detection. Speckle decorrelation was investigated with biological tissue samples of various thicknesses. Images of optically absorbing objects buried in biological tissue samples with thicknesses up to 50 mm were obtained in a transmission-detection configuration. The image contrast was more than 30%, and the spatial resolution was approximately 2 mm. In addition, a side-detection scheme along with two specific configurations were examined, and the advantages were demonstrated. Experimental results implied feasibility of applying the ultrasound-modulation technique to characterize optical properties in inhomogeneous biological tissues.
Introduction
Ultrasound-modulated optical tomography, which is a hybrid technique that takes advantage of both optical contrast and ultrasonic resolution, is an attractive emerging technique in the biomedical optical imaging field. Because biological tissues are optically turbid media, light is strongly scattered inside them. In purely optical imaging, sophisticated reconstruction algorithms are usually required to achieve good imaging depth and reasonable resolution. In ultrasound-modulated optical tomography, an ultrasonic wave is focused into the tissue to modulate the light passing through the ultrasonic focal zone. The modulated or tagged light carries the ultrasonic frequency and, therefore, can be discriminated from the background unmodulated light. Because ultrasonic waves are scattered less in biological tissues than are light waves, the origins of the tagged light can be directly derived from the position of the ultrasonic column inside the tissue. By scanning the ultrasonic beam or the tissue sample, an image related to local optical properties inside the tissue can be reconstructed.
Ultrasound-modulated optical tomography has been studied for several years. Wang et al. 1 and Wang and Zhao 2 studied ultrasound-modulated optical tomography with continuous-wave ultrasound and obtained images in tissue-simulating turbid media. Wang and Ku 3 employed a frequency-swept technique to achieve controllable spatial resolution along the ultrasonic axis. Leveque et al. 4 and Leveque-Fort 5 developed a parallel speckle detection scheme and obtained three-dimensional images of biological tissues. With this technique, Yao and Wang 6 and Yao et al. 7 obtained two-dimensional ͑2D͒ images of multiple objects buried in biological tissues and further developed the technique by combining parallel detection with frequency-swept techniques. Recently, Li and Wang 8 modified the parallel detection mode by reducing the acquisition time and improving the signal-to-noise ratio ͑SNR͒. In addition to the work conducted on transmission configurations, imaging in reflection configurations has also been studied. 9 -12 More recently, Selb, et al. 13 explored nonlinear effects in imaging. Li et al. 14 To meet the requirements of practical applications, researchers will undoubtedly continue for a long time the quest to improve image quality and to increase imaging depth. In this paper, we report our recent experimental study on thick-biological-tissue tomography. Speckle decorrelation was studied, and timedependent correlation coefficients of speckle patterns were measured at various sample thicknesses. The corresponding speckle contrasts of the speckle patterns were checked. Through the use of specklecontrast detection, 14 to which we added some improvements, we implemented imaging experiments with tissue samples of thicknesses ranging from 40 to 50 mm in a transmission-detection configuration. In addition, we proposed side-detection configurations. Images obtained with side-detection configurations were compared with those obtained with transmission-detection configuration as well as with those obtained with reflection-detection configuration ͑reported by other researchers 12 ͒. For the side-detection configuration technique, initial experiments were carried out to check the sensitivity of ultrasound-modulated optical tomography for discriminating objects of different optical absorption properties and for measuring distributions of the ultrasound-modulated signal inside a tissue sample to characterize the tissue's optical properties.
Experimental Setup
The setup, which is similar to that described in previous research, 14 is shown in Fig. 1 . In the current experiments, a tunable Ti:Sapphire laser ͑Coherent Inc. 890͒ operating at 786 nm was applied; we took advantage of its power ͑ϳ140 mW͒ and its coherence length ͑over 30 m͒. The laser beam was expanded to ϳ14 mm in diameter before it was incident on the samples. The resulting power density was ϳ91 mW͞cm 2 , which is within the safety limit. 18 Continuous ultrasonic waves were generated with a focused transducer ͑Ultran VHP100-1-R38͒, which had a 38-mm focal length and a 1-MHz central response frequency. Dimensions of the focal zone were ϳ20 mm along the ultrasonic axis and ϳ2 mm laterally. The peak pressures in the focal zone were ϳ10 5 Pa. A 12-bit CCD camera of 256 ϫ 256 pixels ͑Dalsa CA-D1-0256T͒ was used to detect speckle patterns generated by scattered light transmitted through the sample. An iris was placed before the CCD camera to control the average speckle size on the CCD surface. In association with the adjustment of the iris aperture, the CCD exposure time was set to ensure that sufficient photons would be collected without decorrelation of speckle patterns. A computer was applied to control the CCD camera for implementing optical detection and for data transference. The computer also controlled a function generator that generated electrical signals, which were amplified by a power amplifier and then sent to drive the transducer. Speckle contrasts were measured under conditions with and without ultrasound modulation, and the differences in the speckle contrasts were taken as imaging signals, which were related to the ultrasound modulation depth. 14 
Experimental Results and Discussion
Because biological tissues were used in our experiments, speckle noise, which is an intrinsic factor in tissue experiments, became a significant noise source in the signal detection. Movements of small particles inside biological tissue, e.g., Brownian motion, cause the noise, which leads to decorrelation of laser speckle patterns. To check the speckle pattern decorrelation, we measured correlation coefficients between speckle patterns within a time period of ϳ2.8 s. Three hundred frames of speckle patterns were sequentially acquired with the CCD camera within the time period. The CCD exposure time was ϳ9 ms. Chicken-breast-tissue samples of various thicknesses were used ͑Fig. 2͒. Because speckle pattern decorrelation is sensitive to movements of any of the components in the experimental setup, we did a measurement with a ground-glass sample first to check the setup. The result is presented in the figure. The correlation coefficient measured with the ground-glass sample did not change with time, maintaining a value of ϳ1, which indicated that the setup was stable enough for our purposes. The results from the chicken samples show that the correlation coefficients decrease rapidly as time elapses. Spe- cifically, with the increase of sample thickness, the correlation coefficient decrease becomes more significant. Some spikelike fluctuations are seen in the curves, which are more remarkable in the thickertissue experiments. By checking the experimental system and comparing the results with those from the ground-glass sample, we conclude that the fluctuations were caused by mechanical disturbances affecting the sample. The disturbance led to recoverable movements of photon scatters inside the tissue, which led to recoverable changes of the speckle patterns. Because it is soft, chicken tissue is more subject to mechanical disturbances, e.g., shape distortion, than the ground glass. Therefore, the fluctuation of the correlation coefficient was significant in the tissue samples. Since the photons had longer path lengths in thicker tissues, the influence of the disturbance was more significant and, as a consequence, the fluctuation was more remarkable in the thicker tissue samples. We define correlation time as the time period after which the correlation coefficient decreases from 1 to 0.8. The correlation time for the samples of thicknesses 20, 27, 35, and 46 mm were found to be 400, 137, 46, and 23 ms, respectively. The data imply that tomography of thickbiological-tissue samples based on a CCD camera of a limited maximum frame rate is challenging. The maximum frame rate of our CCD camera is ϳ200 frames͞s. Because sufficient exposure is required, in practice the frame rate is usually lower. We had thought that speckle decorrelation would be much more significant in thick-biological-tissue experiments, and the data do, in fact, verify our suppositions. In parallel speckle detection, a four-frame acquisition 4 -8 or a two-frame acquisition 8 is needed and the acquired frames must be correlated. For experiments in which the detection is used, the sample thickness are limited because of speckle decorrelation. We also expected that speckle-contrast detection would be efficient in thick-sample experiments, and we checked it experimentally ͑as we report here͒.
The speckle contrasts of the speckle patterns, which were studied in Fig. 2 , were measured as functions of time. Measurements of samples with various thicknesses have similar results; there is no tendency indicating that speckle contrast varies with time, although the speckle contrast does fluctuate in measurements taken at different moments. Figure  3 shows the results with a 20-mm sample. With the increase of the sample thickness, the fluctuation becomes slightly significant. However, the fluctuation, which we define as the ratio of the standard deviation to the mean, increases slowly with sample thickness. It is only ϳ1% in the case of a 46-mm sample. The speckle contrasts measured under ultrasound modulation for the 20-mm sample are also shown in the figure. Compared with the results without ultrasound modulation, the only difference is that the speckle contrasts are lower under ultrasound modulation. It has been recognized 14 that the variation in speckle contrast with ultrasound modulation is related to the ultrasound-modulation depth, and it can, therefore, be used as an imaging signal. In the case of thick-sample imaging, the specklecontrast measurement shows distinctive advantages; it needs only a one-frame acquisition to obtain speckle contrast, and an average can be done over multiple independent acquisitions to obtain a mean value. Although the fluctuation of speckle contrast becomes somewhat significant for thick samples, sufficient SNRs for imaging can still be obtained by averaging the speckle contrasts, provided the ultrasound modulation depth is high enough.
By employing speckle-contrast detection, imaging experiments with thick-biological-tissue samples were carried out in a transmission-detection configuration. The tissue samples were made of chicken breast tissue, and the objects buried in the tissue were soft rubber, which had good acoustic coupling with the tissue and little acoustic absorption. The objects were buried in the middle plane of the sample. To obtain a 2D image, we scanned the transducer and the sample along the X and the Y directions, respectively. At each scanning position, 200 measurements were made respectively with, and without, ultrasound modulation. The results were averaged. In this study, speckle-contrast detection 14 was improved, and efforts were made to monitor the SNRs and ensure that the detected signals had SNRs over unity. The mean and the standard deviation of the speckle contrasts obtained from each of the 200 measurements were checked for both cases-with and without ultrasound modulation. If the difference of the means ͑i.e., the imaging signal͒ was less than the sum of two standard deviations, which we defined as noise, the imaging signal was discarded, and another 200 measurements were repeated until the signal was larger than the sum of the standard deviations, i.e., SNR Ͼ 1.
While applying the above rule for accepting or rejecting the imaging signal, we obtained images of thick samples with single, as well as double objects. Figure 4͑a͒ shows a sketch of a 45-mm-thick chicken sample, in which a buried object ͑3.5 mm ϫ 3.1 mm ϫ 14.9 mm, along the X, Y, and Z directions, respectively͒, imaging region, and the whole sample are drawn proportionally. Figure 4͑b͒ shows a clear 2D image of the object. The SNRs in the measurement are ϳ3. Figure 5͑a͒ shows a sketch of a 50-mm-thick chicken sample, in which two buried objects ͑3.5 mm ϫ 3.1 mm ϫ 15.2 mm and 3.3 mm ϫ 3.1 mm ϫ 15.2 mm, respectively͒ and the whole sample are drawn to scale and a scan line along the Y axis at the center of the sample is shown. Figure 5͑b͒ shows a onedimensional ͑1D͒ image corresponding to the scan line indicated in Fig. 5͑a͒ . Two dips showing the objects are sharp in the figure. It should be noted that with such a thick sample, the image contrast is still quite good, up to ϳ30%. Also, the spatial resolution is approximately 2 mm, close to the size of the ultrasonic focal spot.
In addition, we proposed a detection mode that we called side detection, which is an intermediate modality between the transmission and the reflection mode. Figures 6͑a͒ and 6͑b͒ show two configurations, respectively, in which the CCD camera and the transducer were placed at two opposite sides of the sample or the CCD was at an angle of 90°to the transducer. The configuration in Fig. 6͑a͒ was examined with an imaging experiment with a thick chicken sample ͑40 mm ϫ 65 mm ϫ 50 mm along the X, Y, and Z directions, respectively͒. An object of 3 mm ϫ 3 mm ϫ 13.8 mm was buried in the middle of the sample. To obtain a 2D image required that the transducer be scanned along the X axis and that the sample be scanned along the Y axis, respectively. Figure 7͑a͒ shows a 2D image of the buried object. The size of the object in the image agrees with the real size, and the image contrast is high ͑up to ϳ50%͒. In the configuration shown in Fig. 6͑b͒ , the incident laser, the CCD camera, and the transducer were at an angle of 90°to each other. The arrangement is more compact and convenient for application. The configuration was examined with an experiment that employed a chicken sample of 43 mm ϫ 65 mm ϫ 50 mm. An object of 3.1 mm ϫ 3.0 mm ϫ 14.1 mm was buried 12 mm deep in the sample in the X direction. The transducer and the sample were scanned along the X axis and the Y axis, respectively. A clear image of the object was obtained, which is shown in Fig. 7͑b͒ . These results indicate that detection is nearly identical at any position around the sample because light is diffused after experiencing sufficient scattering in the thick-tissue samples. In the experiment of Leveque et al. 12 in which they used a reflection configuration, they obtained an image with a significant shadow, which was inferior to the image obtained with the transmission configuration. Our results show that the images obtained in the sidedetection configurations have similar qualities to those obtained in the transmission configuration. For application, side detection is a more convenient configuration than transmission detection. Since the reflection configuration reported on so far placed the transducer at the side of sample, the sidedetection configuration actually has the same convenience as reflection configuration. In addition, the strong surface reflection of light, which is significant in the reflection mode, is avoided in side detection. This should lead to a higher SNR in side detection. In other words, side-detection configuration can be applied as an alternative to the reflection configuration.
With the side-detection configuration shown in Fig.  6͑a͒ , we tested the sensitivity of ultrasoundmodulated optical tomography for identifying objects with different optical absorption properties. A chicken sample ͑43 mm ϫ 65 mm ϫ 50 mm, along the X, Y, and Z directions, respectively͒ with three objects, which were buried in a plane 15 mm deep in the X direction, was used. The objects were soft white rubber, with identical sizes ͑3mm ϫ 3mm ϫ 14 mm͒. Surfaces of two of the objects were stained with black and green dyes, respectively, which led to differences in optical absorption between the objects; the black one had the strongest absorption, and the one that was left ͑white͒ had the weakest absorption. A 2D image of the objects is shown in Fig. 8͑a͒ and a 1D image corresponding to a scan line across the objects along the Y axis is shown in Fig. 8͑b͒ . The black, the green, and the white objects are seen with different contrasts, which reflect the optical absorption correctly: the stronger the absorption, the higher the contrast. In detail, the contrast of the black one is ϳ12% and ϳ35% higher than that of the green one and the white one, respectively. It is seen that the differences in optical absorption from the objects' surfaces led to significant differences in image contrasts. This initial test shows that ultrasound-modulated optical tomography has good sensitivity for discriminating objects with different absorption properties.
Further, with the side-detection configuration, we measured the modulated signal, i.e., speckle-contrast difference along the X direction inside the tissue, which reflected photon density distribution. The measurement attempted to use the configuration to characterize the optical properties ͑absorption and scattering͒ of the biological-tissue samples. In this experiment, we used a diode laser ͑Melles Griot 56IMS667; wavelength, 690 nm; coherence length, over 1 m͒. For the measurements, the CCD camera and the transducer were kept fixed, and a thick chicken sample in a cubic shape ͑47 mm ϫ 65 mm ϫ 50 mm͒ was scanned along the X direction. According to diffusion theory, the photon fluence rate ͑x͒ deep inside a turbid medium decays exponentially with the distance x from the source, i.e., ͑ x͒ ϰ exp͑Ϫ eff x͒, where eff ϭ ͑3 a s Ј͒ 1/2 is the effective attenuation coefficient, and a and s Ј are the absorption coefficient and the reduced scattering coefficient, respectively. By measuring the photon density distribution and fitting it with the above exponential function, one can obtain the effective attenuation coefficient. Figure 9 shows a measured signal distribution-a decay curve. But it is not smooth as expected; instead, the curve is composed of several segments. In each segment, the curve decays with the distance x. And at each interface between two segments, fluctuations occur. We repeated the measurement several times and obtained similar results that seemed to reflect a real distribution of the transmitted photons inside the sample. For comparison, we measured the signal distribution with a gel sample, which was uniform in structure and optical properties. The result showed a smooth decay curve without fluctuations. The chicken sample used in the experiment was made of chicken breast slices with different thicknesses. The measured signal fluctuations were found to be located at each interface between two slices. We prepared the sample carefully and tried to avoid presence of air bubbles between the slices, which could cause changes in acoustic impedance at the interfaces and induce signal fluctuations. We believe that the signal fluctuations reflected the photon distribution at the interfaces and the layer structure of the sample. We tried to fit the data of each segment in Fig. 9 with an exponential decay function and obtained effective attenuation coefficients of 0.80 cm Ϫ1 and 0.84 cm Ϫ1 for the two segments; these measurements agree with those reported by Marquez et al. 19 According to the measurements of Marquez et al., a and s Ј of chicken breast tissue at wavelength of 690 nm are ϳ0.1 cm Ϫ1 and ϳ2.2 cm
Ϫ1
, respectively. The corresponding effective attenuation coefficient is 0.81 cm
. The results show that the optical properties ͑i.e., eff ͒ of different layers in the tissue sample could be determined individually by measurement of ultrasound-modulated signals. Lev and Sfez 10 claimed successful application of this measurement in determining the optical properties of homogeneous turbid medium. Our experiment with a layer-structure tissue sample, together with the above sensitivity experiment, indicates that the ultrasound-modulation technique offers promise for the determination of spatially resolved optical properties in complicated inhomogeneous biologicaltissue samples.
Conclusion
The ultrasound-modulated optical tomography of thick biological tissues was studied. Speckle decorrelation was investigated with samples of various thicknesses, and the speckle-contrast detection in thick-biological-tissue tomography was shown to have advantages over other techniques. With the resulting improved speckle-contrast measurement, images of biological tissue samples of thicknesses up to 50 mm were successfully obtained in a Fig. 8 . ͑a͒ Two dimensional image of three objects of different optical absorption: 1, black-surface object; 2, green-surface object; 3, ͑original͒ white-surface object. The image was obtained with the configuration shown in Fig. 6͑a͒ . ͑b͒ A 1D image corresponding to a scan line across the objects along the Y axis. Fig. 9 . Measured modulated signal distribution along the X direction inside a chicken-breast-tissue sample. Fitting the data in each segment in the distribution with the 1D model of diffusion theory permitted effective attenuation coefficients of the sample to be deducted.
transmission-detection configuration. This thickness is the maximum so far reported for ultrasoundmodulated optical tomography. The image contrast was up to 30%, and the image resolution was ϳ2 mm, which was determined by the ultrasonic focal spot size.
Side-detection configurations were proposed, which are more convenient than transmission configuration for practical applications and can be applied as alternatives to the reflection configuration. Experimental results showed that the images obtained with sidedetection configurations had similar qualities to those obtained with transmission configuration, and they were far superior to images obtained with reflectiondetection configuration. Further, two experiments were conducted with side-detection configuration to test the sensitivity of the ultrasound-modulated optical tomography for discriminating objects of different optical absorption and for measuring optical properties in a layer-structure sample, respectively. The results from these two experiments implied that the ultrasound-modulation technique is a promising one for characterizing the optical properties of complicated inhomogeneous tissue samples.
